INTRODUCTION
Based on electroencephalographic recordings (EEG), the human sleep/wake cycle has been subdivided in 4 major stages. The passage from wakefulness to light (lSWS) and deep (dSWS) slow wave sleep (SWS) is characterized by a progressive slowing of the EEG, more or less associated with transient elements (spindle; K complex), while the 4 th vigilance stage (rapid eye movements or paradoxical sleep -PS) exhibits activity largely comparable to that of wakefulness. 1 The high frequency content and the low voltage of the EEG activity during wake and PS are generally viewed as reflecting a high level of cortical activation; conversely low frequency and high voltage EEG activity in lSWS and dSWS stages are thought to be characteristic of lower cortical activation levels. This interpretation is supported by recent metabolic neuroimaging studies showing a decrease in cortical blood flow during SWS. 2 The reciprocal activation/deactivation of the cortex and the thalamus fluctuates during the sleep wake cycle. During SWS, 2 EEG features are observed: sleep spindles and slow waves. A large body of evidence suggests that "spindle" oscillations are locally generated in the reticular nucleus of the thalamus. 3 Among slow waves, 2 types can be distinguished on the basis of their respective frequencies and putative generating mechanisms. The slow oscillations (<1Hz) can be generated and sustained by the cerebral cortex alone, 4, 5 while clocklike delta oscillations (1-4 Hz) are generated in thalamo-cortical cells. Thus one can assume that during these 2 types of SWS EEG activity, the deactivation levels could be different in the thalamus and the cortex.
During PS, both the cortex and the thalamus are supposed to be reactivated, as they both show a predominance of low voltage activity at relatively high frequencies. 1 However, in at least 2 thalamic nuclei, the ventral posterior lateral nucleus and the medial pulvinar (PuM), PS activity has been shown to be frequently interrupted by long periods of delta waves. 6, 7 This suggests that some degree of thalamic deactivation and transmission block of sensorial inputs to the cortex, similar to that observed in SWS, is likely to occur also in PS. 6, 7 The aim of this study was to assess the activation-deactivation pattern at cortical and thalamic levels during the complete sleep wake cycle. For this purpose, we analysed intracranial recordings performed simultaneously at thalamic and cortical levels during the different sleep stages using both a classical spectral parameter (SEF 95 ) and a recently developed type of EEG analysis allowing the quantification of neuronal activity. This new technical approach gives an indicator called "dimension of activation" (DA) which has been already validated for assessing cortical dynamics in different conditions of brain activation. 8 
MATERIALS AND METHODS

Patients
Thalamic and cortical recordings were obtained from 12 drug-resistant epileptic patients during presurgical stereoelec- troencephalographic (SEEG) exploration of their seizures. All of the patients presented with seizures suggesting a rapid propagation of epileptic discharges between limbic areas and posterior temporal neocortex, based on noninvasive video-scalp EEG recordings. Stereotactic implantation of intracranial recording electrodes was performed after all patients have been fully informed and gave their consent about the procedure and aims of this exploration, which have been approved by the local ethic committee. Thalamic exploration was carried out in patients whose seizures were suspected to involve language areas or suprasylvian and/or insular cortex. In some of these patients, SEEG monitoring showing that surgery was contraindicated; they were therefore candidates for chronic PuM stimulation. The decision to explore the medial pulvinar nucleus (PuM) (densely connected with the temporal and parietal lobes [9] [10] [11] ) was justified by the possible benefit these patients could draw from chronic PuM stimulation.
12
Implantation of SEEG Electrodes
The electrodes implantation procedure was carried out using multiple contact electrodes introduced in the brain perpendicular to the midsagittal plane according to the stereotactic technique of Talairach and Bancaud. 13 Coordinates of relevant targets were determined on the patient's brain magnetic resonance (MR) images according to previously described procedures.
14 PuM recordings were performed using the deepest contacts of the electrode exploring the posterior part of the superior temporal gyrus. Anatomical localization of the thalamic and cortical electrode contacts was first counterchecked using fusion of skull X-Ray after electrodes implantation with the appropriate coronal MR slice of patient's brain. The placement of 2 to 4 contacts within the PuM was further assessed by superimposing T1-weighted magnetic resonance (MR) images obtained in 3D mode and cut parallel to the anteroposterior commissure (AC-PC) horizontal plane (slice thickness: 1mm; MRIcro software 15 ) with the corresponding stereotactic atlas planes of the human thalamus 16 ( Figure 1 ).
Recording Conditions
Night recording under video-SEEG monitoring was conducted after a minimal delay of 5 days post electrode implantation. At that time, anticonvulsant drug intake had been reduced for at least one week in order to record spontaneous epileptic seizures. Signals recorded by intracerebral electrodes in PuM and temporal lateral neocortex, as well as electro-oculograms picked up by periorbital skin electrodes, were amplified, filtered (band pass: 0.33-300 Hz) and stored at a sampling frequency of 128 Hz. The states of vigilance were visually identified on more than 10 intracortical and thalamic contacts with both bipolar and referential traces (reference in the cranial bone) plus EOG, and scored according to the criteria of Rechtschaffen and Kales 17 using sequential 30-s epochs (see Magnin et al. 7 ). Stage 1 and 2 correspond to lSWS, stage 3 and 4 to dSWS and REM sleep to PS. In each vigilance state, 2-min periods of PuM and cortical activities picked up by the same multiple contact electrode were selected for analysis after discarding epochs contaminated by interictal epileptic paroxysmal activities (Figure1).
Signal Analysis
Beside DA analysis a more conventional approach based on the spectral edge frequency (SEF 95 ) variable 18 was used for further comparisons. These 2 analyses were performed on bipolar recording of PuM (contact 3-4) and of temporal cortex (contact 10-11) with Synapsys™ software (version 1.3, Synapsys ™ , Marseille, France).
SEF95
SEF 95 is defined as the upper frequency level below which are contained 95% of the total EEG power. Spectral analysis of SEEG signals was performed using fast Fourier transform on 4-s epochs. The 30 individual spectra corresponding to 2 min of SEEG recording were averaged.
DA
Calculation of DA 8 has some similarities with that used for determining the dimension of correlation (D2). 19 Briefly, both are based on embedding signal time series, and imply computing of the correlation integral C(r). The signal scalar time series is embedded in a high dimensional space (embedding dimension of 20), according to the time delay method but with constant time delay of 1/64. The second step is to calculate the correlation integral C n (r). In the case of an homogenous attractor, the C n (r) variation is linear and the slope of log[C n (r)]/log(r) corresponds to the D2. In SEEG signals, the attractor is not homogeneous and the C n (r) variation is generally not a linear function. This is why we used a weighted coefficients method to extract a more accurate parameter from the C n (r) function. To evaluate the DA, calculation of C n (r) is realized with a local window. The number of the window points is n = 1000, leading to a time window of 1000/64 =15.6 seconds. More details on mathematical aspects of DA calculation and its application on EEG signals are given in reference. 8 DA reflects the complexity of the working brain considered as a dynamical system. It corresponds to a reduced form of EEG data which allows to characterize and compare the complexity of different brain states. Increased complexity in the brain state is associated with elevated DA levels. During sleep, EEG is less complex than during wakefulness and DA is lower. In a certain sense, DA could be compared to other estimates derived from metabolic neuroimaging studies.
Statistical Analysis
Data were expressed as mean and standard error of the mean (SEM). Statistical analysis of the 2 SEEG parameters (DA and SEF 95 ) was performed using a one-way analysis of variance (ANOVA) with 2 controlled factors: location (PuM, temporal neocortex) and sleep stage (wake, lSWS, dSWS, PS) followed by post hoc Tukey-Kramer test for multiple comparisons. Statistical analysis was performed using SigmaStat 2.03 and SigmaPlot 8.0 software (SSPS Inc., San Rafael, CA, USA). A value of P <0.05 was considered statistically significant.
RESULTS
SEF 95
ANOVA indicated a significant effect of vigilance state (F 3,88 = 39.4; P <0.0001) and of location (F 1,88 = 27.4; P <0.0001) on SEF 95 values. In PuM, post hoc pairwise comparisons (Tukey-Kramer test) demonstrated a significant decrease of SEF 95 values during the three sleep stages as compared to wakefulness (P <0.001; Figure 2) . However, post hoc tests showed that SEF 95 values during lSWS, dSWS, and PS did not differ significantly from one another. In temporal cortex, no significant difference between wakefulness and PS was observed whereas a significant decrease of SEF 95 values was noted between wakefulness and lSWS (P <0.05) and between lSWS and dSWS (P <0.001) (Figure 2 ).
DA
Results were very similar to those observed using the SEF 95 technique showing a significant effect of vigilance state (F 3,88 = 57.6; P <0.0001) and of position (F 1,88 = 56.9; P <0.0001) on DA values. In PuM, post hoc pairwise comparisons (Tukey-Kramer test) demonstrated a significant decrease of DA values during sleep with respect to wakefulness (P <0.001; Figure 3 ). However the DA values obtained during lSWS, dSWS and PS did not differ significantly. In temporal cortex, no significant difference between wake and PS was observed while there was a significant decrease of DA values from wake to lSWS (P < 0.05) and from lSWS to dSWS (P < 0.001) (Figure 3 ).
DISCUSSION
Our data show that during wake, thalamic and cortical SEF 95 or DA values are very similar. During dSWS, thalamic values of EEG parameters are also very similar to the cortical values. In contrast, during lSWS and PS, thalamic values depart from cortical ones.
The first question arising is whether this observation could be related to epilepsy or anti-epileptic medication. This is unlikely considering that this phenomenon was observed in all patients, regardless of the site of epileptogenic focus and regardless of the type and daily dosage of anti-epileptic treatment at the time of SEEG recordings (see Table 1 ). Moreover, while anti-epileptic drugs are known to modify cortical activity, their impact has not been reported to act selectively during one specific vigilance state. 20 Finally, our results at the cortical level are similar to those obtained in non-epileptic animals 21, 22 and in humans 23 and epileptic patients. 24 We are thus inclined to conclude that our data reflect a genuine physiological process considering also that ictal and interictal activities were discarded from analysis.
A second point concerning the significance of SEF 95 and DA values also deserves some comments. These 2 parameters are thought to reflect the level of activation of an EEG recording. SEF 95 values are widely used in evaluation of the anaesthetic depth 18 and increase when a concomitant increase of high frequencies occurs in the EEG signal. The latter phenomenon, also called desynchronization, is usually considered to reflect brain activation. DA also proved to be a reliable marker of cortical activation in various neurophysiological conditions. 8 This is further verified by this study in which DA decreases in relation to the decreasing level of activation in the temporal cortex from wake to dSWS, a phenomenon observed with functional imaging techniques 2, 25, 26 or nonlinear sleep EEG analysis. 27, 28 In PuM, the DA values obtained during lSWS and dSWS showed no significant difference; this similarity correspond to that observed between raw thalamic signals in these 2 sleep stages (see Figure 1) . Thus, the distinction based on visual scoring of cortical EEG activity between these 2 sleep stages is not reflected at the thalamic level. This result agrees with that of Dan Vu 29 who failed to detect during NREM sleep, i.e., during lSWS and dSWS, any significant correlation between delta activity and regional cerebral blood flow in the thalamus, contrary to what is observed simultaneously at the cortical level. This result fits with the fact that only 2 kinds of activity have been described at the thalamic level: tonic activity during wake and bursting activity during SWS, without further discrimination within the latter stage 1 . In contrast, spectral analysis of cortical activity allows an easy discrimination between lSWS and dSWS, as high frequency activities (>14 Hz) are only slightly reduced during lSWS but markedly decreased during dSWS 7 (see Figure 2 ). During PS, cortical DA value parallels the well-known increase of cortical activation. In contrast, at the PuM level, DA value does not increase above the SWS levels. This low thalamic DA value corresponds to the occurrence of marked delta activity bursts visible on raw recordings 6, 7 that are generally considered as reflecting a low level of activation. Thus, DA analysis appears a reliable tool for estimating the activation level of brain structures. However, this marker, as many others, presents some limitations. For instance, in thalamus, DA values do not permit to discriminate between PS, lSWS and dSWS in spite of different aspects of raw thalamic signals recorded during these 3 sleep stages. This suggests that a comparable low level of thalamic activation can be achieved via different electrophysiological processes.
Up to now the thalamus has been generally considered to be a structure modulating the information transfer toward the cortex in different vigilance states.
1 During SWS, the bursting mode of thalamic activity is thought to prevent transmission of peripheral inputs, thus disconnecting the cortex from external world influences. This view needs however to be tempered by the persistence of cortical sensory and cognitive evoked potentials during SWS. 30 Although thalamic structures appear to be activated during both waking state and PS, thus allowing peripheral inputs to reach cortical structures, 31 one obviously does not perceive the external world during PS. A theory based on deficient resonance properties in the high frequency range (40 Hz) between thalamocortical loops has been proposed to explain why we could ignore the happenings of the external world during PS. 23 Intermittent thalamic delta activity characterized by low values of DA, occurring during PS and disrupting high frequency resonance in thalamocortical loops, could further substantiate this theory. Moreover, a decoupling between thalamic and cortical activities during PS lets suppose that cerebral cortex, although reactivated during this sleep stage, is functioning on a particular action mode, relatively disconnected from thalamic modulation. This situation could account for the strangeness of the content of dreams. 32 
